We design and analyze photo-metamaterials with each meta-atom containing both photodiode and light-emitting diode. Illumination of the photodiode by the light-emitting diode gives rise to an additional optical feedback within each unit cell, which strongly affects resonant properties and nonlinear response of the meta-atom. In particular, we demonstrate that symmetry breaking occurs upon a certain threshold magnitude of the incident wave intensity resulting in an abrupt emergence of second-harmonic generation, which was not originally available, as well as in the reduced thirdharmonic signal.
I. INTRODUCTION
The flourishing field of nonlinear metamaterials [1] [2] [3] provides a wide variety of ways to implement artificial structures with unusual functionalities [4] including magnetoelastic metamaterials [5] [6] [7] , bistable and self-tunable structures [8] [9] [10] , metamaterials with nonlinear response tuned by the external static field [11] [12] [13] and metamaterials exhibiting an interplay of electric and magnetic-type nonlinearities [14 and 15] .
One of the fascinating ideas in the field of nonlinear metamaterials is the implementation of additional interaction channel (or feedback) between the building blocks of artificial structure. For instance, it can be mechanical interactions [5, 6, and 10] when the mechanical deformation of metamaterial affects the frequencies of electromagnetic resonances, or an additional optical channel realized by insertion of light sources and sensors into metaatoms. In the case of latter structures further referred as photo-metamaterials the illumination of the sensor shifts the meta-atom resonance [16 and 17] . As was demonstrated experimentally, the shift of the meta-atom resonance frequency due to optical feedback can be as large as 18 MHz in microwave metamaterials [17] .
We combine the idea of optical feedback with the wellcelebrated concept of dynamic symmetry breaking manifesting itself in the lowering of the system symmetry under the applied external stimulus. Such a mechanism was studied in various physical contexts including BoseEinstein condensates [18 and 19] , topological photonics [20] , nonlinear optical setups [21] and magnetoelastic metamaterials [6] .
In this Article, we analyze a specific model of photo-metamaterial consisting of meta-atoms depicted schematically in Fig. 1 . We prove that if the intensity of the wave exciting such meta-atom exceeds a threshold value, the meta-atom inversion symmetry is dynamically broken and as a result nonzero second-harmonic signal emerges.
The operating principle of the proposed system is as follows. If the photodiode is not illuminated, the metaatom is inversion-symmetric due to back-to-back orientation of identical varactors. As a result, second-order nonlinear response of the structure vanishes. However, if the intensity of the incident wave is large enough, voltage rectified on varactor V 2 becomes sufficient for the light emission from light-emitting diode (LED). The photodiode illuminated by the light from LED creates static bias voltages U 1 and U 2 on varactors V 1 and V 2 , and in the general case these bias voltages are different. Consequently, the inversion symmetry of the system breaks down, second-order nonlinearities from varactors V 1 and V 2 are no longer compensated and the meta-atom starts to generate second-harmonic signal.
The rest of the paper is organized as follows. In Section II we analyze the response of the individual metaatom to the external field as a function of impinging wave intensity at fixed frequency. Section III discusses the influence of the optical feedback channel on the effective susceptibilities of the entire structure and reveals their hysteresis behavior. Finally, in Sec. IV we summarize the obtained results and outline the perspectives for further experimental studies. Appendix outlines the calculation of effective susceptibilities for the considered photo-metamaterial. 
II. NONLINEAR RESPONSE OF A SINGLE META-ATOM
First we examine the properties of a single meta-atom operating at microwave frequencies (Fig. 1) . The metaatom is based on the ring with the radius r = 7.5 mm, width h = 1.0 mm and thickness b = 1.0 mm. Two identical Skyworks SMV 1405 varactors are inserted into the ring symmetrically, and the linear capacitance of the ring itself (without the capacitance of inserted varactors) is equal to C l = 1.5 pF. Two BPW-34S photodiodes are attached in parallel with varactor V 1 , and L-53SRD-H Kingbright LED is inserted in parallel with varactor V 2 as shown in Fig. 1(a) . The inductance of the ring is calculated as [22] 
Photodiodes and LED are positioned in a close proximity. The meta-atom resonance frequency for inactive optical feedback channel is equal to f 0 = 1.147 GHz. Note that the ratio of wavelength to the meta-atom diameter at resonance frequency is λ 0 /(2 r) = 17, i.e. the scatterer has subwavelength size. Light illuminating photodiode creates irradiance E giving rise to backward current I L (E). This light-induced current charges varactor diode V 1 and creates a bias voltage on it. Varactor V 1 bias voltage U 1 can be found from Shockley diode equation [23] 
where "thermal" voltage U T = kT /e = 25.8 mV for the temperature T = 300 K, saturation current I s = 5.0 nA and diode ideality factor n D = 1.4 (for BPW-34-S photodiode). In Eq. (2) varactor reverse bias is deemed positive. In order to maximize bias voltage U 1 we use N = 2 photodiodes loaded in series. The dependence of light current on irradiance is approximated by the piecewise function
with E s = 12 mW/cm 2 , B = 50 µA · cm 2 /mW. η(λ) is a relative spectral sensitivity of photodiode equal to 0.6 for LED light at wavelength 660 nm. Thus,
Here, the irradiance E and bias voltage U 1 are understood as the quantities averaged over the microwave signal period.
The nonlinearity of the meta-atom response originates from the dependence of varactor capacitance on static bias voltage approximated by the formula
where positive U describes varactor reverse bias, and C J = 2.37 pF, U J = 0.77 V, M = 0.5 are empirical parameters of Skyworks SMV 1405 varactor [24] . The resistance associated with varactor is equal to R = 0.8 Ohm.
We rearrange Eq. (5) as
The latter expression can be expanded in power series with in the vicinity of the point q 1 =
corresponding to varactor V 1 stationary charge:
where ∆q ≡ q − q 1 . Taking into account parasitic capacitance C p1 = 0.29 pF loaded parallel to varactor and denoting by Q the total charge stored in both varactor V 1 and parasitic capacitance C p1 , we obtain:
where
is the total linear capacitance of biased varactor plus parasitic capacitance. Note that in the absence of excitation varactor V 2 is also biased and its bias voltage U 2 can be found from the equation
where C l is the linear capacitance associated with SRR meta-atom and subscript index 2 denotes the quantities that refer to the second varactor V 2 . It should be emphasized that it is finite linear capacitance C l that gives rise to the difference between U 1 and U 2 leading eventually to the nonzero second-order nonlinear susceptibility. Current-voltage characteristics of L-53SRD-H Kingbright LED is approximated by the formula
where R LED = 15.6 Ohm is LED effective resistance, U t = 1.9 V is LED threshold voltage andŪ LED is the voltage on LED averaged over the period of microwave signal. The luminous intensity produced by LED is directly proportional to forward current
where K = 1.56 W/(sr · A), and the wavelength of light emitted by LED is equal to 660 nm. To find the resulting irradiance of photodiodes, we assume that all light emitted by LED illuminates the photosensitive surface of photodiodes. This gives an equation where
With this model, we analyze the response of the meta-atom to the incident field with the frequency f = 1.120 GHz slightly below the meta-atom resonance and with intensity varying from zero to 70 mW/cm 2 . At intensities lower than the threshold value P c = 3.33 mW/cm 2 the optical feedback channel is inactive since the voltage rectified on varactor V 2 is insufficient to set light to LED. Therefore, meta-atom operates as a typical passive nonlinear element with zero second-order nonlinear susceptibility (Fig. 2 , see the fragment before the vertical dashed line).
When the intensity of excitation exceeds the threshold value P c , the luminous intensity produced by LED (as well as photodiode irradiance) starts to grow almost exponentially as a function of (P − P c ) [ Fig. 2(a) ]. This is accompanied by the linear growth of the meta-atom resonance frequency [ Fig. 2(b) ]. The upward resonance shift is explained by the decrease in the capacitance of varactors due to the reverse bias created by the photodiodes. Note that if the polarity of photodiodes is switched, the resonance frequency will experience a decrease. At the same time, optical feedback channel suppresses the scattering at the fundamental frequency f as illustrated in Fig. 2(c) . The obtained result is well under- standable: since the resonance shifts away from the fixed frequency of excitation, the effective meta-atom polarizability decreases thus suppressing scattering even though the intensity of excitation increases [see the solid curve in Fig. 2(c) ].
Finally, after reaching some irradiance E s the response of the photodiode saturates, i.e. bias voltage produced by the photodiode no longer increases with irradiance. The meta-atom resonance frequency then stabilizes at f max = 1.228 GHz, which is 81 MHz higher than the resonance frequency without optical feedback. Accordingly, the intensity of the scattered field at this stage grows with the intensity of excitation.
At the same time, the meta-atom generates harmonics with the frequencies 2 f , 3 f , etc. as shown in Fig. 3 . Quite remarkably, the dependence of harmonic signal intensity on intensity of impinging wave is not captured by the simple power law formula in contrast with the "standard" nonlinear structures. Such deviations from the power law should be attributed to the presence of feedback channel that gives rise to second-harmonic generation for P > P c [ Fig. 3(a) ] and simultaneously suppresses third-harmonic generation [ Fig. 3(b) ].
III. HYSTERESIS BEHAVIOR AND NONLINEARITIES OF THE COMPOSITE STRUCTURE
To grasp the physics governing the behavior of the composite structure, it is instructive to plot the dependence of the single meta-atom resonance frequency on frequency of excitation for a fixed intensity of the incident wave P = 4.0 mW/cm 2 [ Fig. 4(a) ]. First we describe the behavior of the meta-atom when the frequency of excitation is gradually increased. For the frequencies below f < 1.117 GHz optical feedback channel is not active since the intensity of excitation is too low [point A in Fig. 4(a) ]. At the point B of the diagram LED starts working and the resonance frequency increases with the increase of frequency. However, despite the growth of LED luminous intensity the system remains below the resonance following the BD segment of the diagram Fig. 4(a) . When the photodiode saturation is reached (E = E s ), the resonance frequency no longer changes and the meta-atom finally reaches the resonance (DE segment). Next system reaches point E of the diagram (f E = 1.260 GHz) becoming off-resonant again, but the frequency of excitation is now above the resonance frequency. At this point, the meta-atom appears to be so far from the resonance, that the intensity of excitation becomes insufficient to feed the LED, and optical feedback channel stops working. The meta-atom falls into the state F. Thus, the overall route of the system is represented by the path ABCDEF in the diagram.
The meta-atom behavior becomes quite different when excitation frequency is gradually decreased. At frequencies above f F = 1.260 GHz LED does not work. With the decrease of the driving field frequency the system moves to the point G of the diagram (f G = 1.178 GHz). At this point the intensity of excitation reaches the threshold value P c and LED starts working. The meta-atom thus "jumps" into the state C. Further decrease of the excitation frequency brings the system into B point, and at this moment the feedback channel switches off. The overall route of the system in this scenario is represented by the path FGCBA in the diagram Fig. 4(a) .
Thus, the system exhibits a bistable behavior. Note that the meta-atom actually "skips" the resonance in the scenario when the driving frequency is gradually decreased, whereas the system passes through resonance in the opposite case of frequency increase.
This simple reasoning suggests that the effective susceptibilities of the entire photo-metamaterial exhibit a bistable behavior. To confirm this idea, we calculated the effective susceptibilities of the metamaterial with rectangular lattice 3.0 × 3.0 × 2.0 cm (2.0 cm is the period along the axis of the ring) as specified in Appendix. The obtained results are presented in Fig. 4(b-d) . In the case when the frequency of excitation is gradually increased, the system follows the path ABCDEF in those diagrams, whereas in the opposite scenario of frequency decrease the system follows the trajectory FGCBA without passing the resonance peak.
It should be stressed that the effective susceptibili- ties discussed above depend implicitly on the intensity of excitation P in contrast with the "standard" nonlinear structures. Indeed, the effective susceptibilities depend on the meta-atom resonance frequency which depends on photodiode irradiance E. The latter in turn depends on the intensity of excitation. Actually, it is the implicit dependence of susceptibilities on intensity of excitation that leads to the non-power-law dependence of generated second and third harmonics on the driving field [see Sec. II].
On the other hand, the perturbative treatment of nonlinearities is still possible since the nonlinear polarization at frequencies 2 f or 3 f is around 10% of the polarization at the fundamental frequency f . The technical details of effective susceptibilities evaluation are specified in Appendix.
IV. DISCUSSION AND OUTLOOK
In conclusion, we have demonstrated a rich physics originating from the combination of such concepts as optical feedback and dynamic symmetry breaking. The meta-atoms of the proposed structure can dynamically acquire second-order nonlinear response due to the dynamic inversion symmetry breaking. We prove that the dependence of harmonic signals on intensity of excitation is not captured by the standard power law formula, and the entire structure features the hysteresis behavior of effective susceptibilities.
We expect that such photo-metamaterials may exhibit an intriguing physics due to optical feedback. For instance, in the two-pulse interaction regime the first pulse (pump) may dynamically turn on and off secondorder nonlinearity while passing through the metamaterial, whereas the second pulse (probe) will experience the modulated nonlinear properties in the course of propagation. Even more exotic effects are expected if the optical feedback couples photodiodes and LEDs of the different meta-atoms which is a promising direction for further studies.
Our calculations for the realistic microwave metamaterials demonstrate that the predicted effects including dynamic inversion symmetry breaking can be realized and investigated in the proof-of-concept microwave experiments. A similar physics can be also observed in other spectral ranges if the appropriate mechanism for the feedback channel is implemented. 
APPENDIX
To analyze the arising collective response of photo-metamaterial, we derive effective linear and nonlinear susceptibilities. We describe the properties of the individual meta-atom in terms of its linear and nonlinear polarizabilities α 1 , α 2 and α 3 as follows: m(ω) = α 1 (ω) H(ω) + 2 α 2 (ω; 2 ω, −ω) H(2ω) H * (ω) + 3 α 3 (ω; ω, ω, −ω) H 3 (ω) ,
m(2 ω) = α 1 (2 ω) H(2 ω) + α 2 (2 ω; ω, ω) H 2 (ω) ,
m(3 ω) = α 1 (3 ω) H(3 ω) + 2 α 2 (3 ω; 2 ω, ω) H(2 ω) H(ω) + α 3 (3 ω; ω, ω, ω) H 3 (ω) ,
where m(ω) is the meta-atom magnetic moment and H(ω) is the magnetic field acting on the particle. The terms proportional to H 4 (ω), H(3 ω) H(ω), H 2 (2 ω) and higher-order terms are omitted. The meta-atom polarizabilities α 1 , α 2 and α 3 depend on the irradiance of photodiode E.
We compute the effective polarizabilities for the discussed meta-atom (Fig. 1) below. In this calculation we assume that the current flowing through LED is negligible if compared with the displacement current in varactor. Under this assumption we derive nonlinear oscillator equation for the charge accumulated in varactors:
where S = π r 2 is the area limited by the ring, β 0 = R/(2 L), R is the net resistance of meta-atom, ω 
